Summary Background: Extensive compound tibial fractures present reconstructive challenges. The present study aimed to assess the outcomes of microvascular latissimus dorsi (LD) flap combined with the Ilizarov technique for extensive compound tibial fractures with bone loss and bone healing complications. Methods: Patient records were reviewed retrospectively. The Lower Extremity Functional Scale (LEFS), the Disabilities of the Arm, Hand and Shoulder (DASH), and the 15D healthrelated quality of life (HRQoL) instrument were applied. Results: Between 1989 and 2014, 16 patients underwent reconstruction with a microvascular LD flap and bone transport (11/16) or late bone lengthening (5/16). The mean clinical follow-up time was 6.6 (standard deviation (SD): 6.5) years. Three patients had minor complications requiring reoperation. Partial necrosis of one flap required late flap reconstruction in one case. Late bone grafting was used to enhance union in eight of 16 cases. The mean new bone gain was 3.8 cm (SD: 2.5).
Introduction
Compound tibia fracture with significant zone of injury or sequelae of bone healing complications can be managed with complex methods including the Ilizarov technique of distraction osteogenesis, 1,2 the Masquelet technique, 3 or vascular bone transfers, such as the iliac crest and fibula. 4 In cases of extensive soft-tissue loss, local or pedicled muscle flaps or free flaps may be indicated. 5 Tibia lengthening by distraction osteogenesis may also be used to correct posttraumatic limb length discrepancy. 6, 7 In 1989, Gavril Ilizarov introduced his technique of distraction osteogenesis. 8, 9 In this technique, the bone is stabilized with an external fixator and corticotomy is performed outside the fracture site, thereby enabling formation of new bone through distraction. Free muscle flap transfer combined with the Ilizarov technique to reconstruct lower-extremity compound defects has been previously described. 1, 10 There are several reports concerning assessment of the long-term outcomes of these combined techniques; however, only a few have focused on the long-term outcomes assessed by patient-reported outcome measures. In the present study, the microvascular LD flap and distraction osteogenesis was used in limb salvage of acute tibial defects with large zones of injury due to combined absolute bone defect and soft-tissue loss. This technique has also proven reliable in treating prolonged sequelae of complications including osteomyelitis and pseudoarthrosis with impaired bone blood circulation. An additional indication for external tibia distraction has been correction of late traumatic limb length discrepancy after microvascular flap reconstruction.
The present study aimed to assess the reliability of this combined method and to report the long-term outcomes of all patients with traumatic acute or chronic compound tibia defect treated with microvascular LD flap reconstruction and the Ilizarov distraction osteogenesis (either bone transport or lengthening) in the authors' institution between 1989 and 2014.
Patients and methods
The study was approved by the Ethics Committee of the Helsinki University Hospital. Patients were identified from the hospital records, and their patient records were retrospectively reviewed. Patients with femoral reconstruction, intramedullary distraction osteogenesis, fracture stabilization with external fixation only, and soft-tissue reconstruction other than LD were excluded. The results were reported following the STROBE 11 guidelines for crosssectional studies.
Outcome measures
Shoulder function was examined by the main section of the Finnish version 12 of the Disabilities of the Arm, Shoulder and Hand 13 (DASH) questionnaire. It comprises 30 questions (physical activities, 23 questions; symptoms, seven questions). The DASH rewards a total score between 0 and 100 points. 13 The function of the reconstructed limb was assessed by the Finnish version 14 16e19 Incorporating population-based preference weights into the dimensions yields a single index score that ranges from 0 (equivalent to being dead) to 1 (best possible HRQoL). A difference !0.015 in the 15D score is estimated to be clinically important. 20 The authors hypothesized that the patients enjoy a HRQoL comparable to that of an age-standardized general population.
The level of physical activity was assessed by the frequency intensity time (FIT) index. 21 The index is obtained by multiplying the scores of each question together, yielding a score between 0 and 100 (the higher the score, the greater the physical activity).
Finally, a questionnaire designed for the study charted comorbidities and the use of analgesics. A written informed consent was obtained from the patients participating in the cross-sectional assessment with patient-reported outcome measures.
Statistical analysis
Results are obtained as means with SD, medians, or ranges. HRQoL results of the patients were compared with those of an age-standardized sample of the general Finnish population (n Z 2413) obtained from the Health 2011 Survey. 22 The statistical significance of the differences between patients and the general population was compared using the independent samples t-test. A significance level was set at p-value <0.05. Analyses were performed with SPSS 20 (SPSS Inc., Chicago, IL, USA).
Results
Sixteen patients with traumatic compound tibial defect treated with a microvascular LD flap and the Ilizarov distraction osteogenesis (segmental bone transport, n Z 11; lengthening of the tibia, n Z 5) between the years 1989 and 2014 were identified. Their mean age was 33 years (SD 13.2). The trauma mechanism was automobile (n Z 6), motorcycle (n Z 3), moped (n Z 1), or tractor (n Z 1) collision, lift bar hit (n Z 1), train accident (n Z 1), fall (n Z 2), or a blast (previous war injury) ( Table 1 . The defect location was metaphyseal (n Z 8), meta-epiphyseal (n Z 6), epiphyseal with intra-articular involvement (n Z 1), or diaphyseal (n Z 1).
The accompanying injuries included an ipsilateral femur fracture in three patients, metatarsal fracture in one, and a bilateral tibial pilon fracture in one patient. Five patients were smokers. One patient had type II diabetes. The remaining patients had no significant comorbidities.
The mean number of operations before microvascular transfer was 1.9 (SD: 1.3). In 15 of the 16 patients, revisions and external fixation were applied in the primary treatment facility. One patient had undergone previous reconstruction with a LD flap and three patients with local muscle flaps before admission. In one closed fracture patient, a leg cast had been used to stabilize the fracture. One patient presented with bone transport that began earlier (9 cm of distracted bone) along with imminent extrusion of the bone. The size of the soft-tissue defect ranged from 4 Â 6 to 10 Â 30 cm. Loss of functional units was observed in 15 of the 16 patients (Table 1) .
Soft-tissue reconstruction
Patients underwent soft-tissue reconstruction with microvascular LD muscle (n Z 10) or musculocutaneous (n Z 6) flaps either early (<30 days; n Z 9) (Figures. 1e6) or late (>30 days) (n Z 7). The median time from trauma to flap reconstruction was 18 days (range: 1 daye26.9 years), depending on when the patient was referred to the author's clinic. An additional microvascular iliac crest transfer (size: 4 Â 12 cm) was performed in one patient with a very extensive injury, moving it to a more proximal area. Moreover, 8/16 of patients underwent cancellous bone grafting to enhance bony union simultaneously with the flap reconstruction. The sizes of the microvascular flaps ranged between 3 Â 15 and 15 Â 30 cm.
The recipient arteries were the posterior (n Z 10) or anterior tibial (n Z 3), or popliteal vessels (n Z 2). Either end-to-side (n Z 9) or end-to-end (n Z 7) anastomoses were used. Vein grafts from the great saphenous were used in two cases, and those from the cephalic vein were used in one case. The recipient veins were concomitant (n Z 13), popliteal (n Z 2), and posterior tibial (n Z 1) vessels. Additional skin grafting was used in 15 of the 16 cases.
Ilizarov technique
Indications for bone reconstruction were large primary defect (n Z 10), tibial length discrepancy (n Z 6), longstanding pseudoarthrosis (n Z 4), or nonunion (n Z 2). Four patients had two or more of these indications. In the bone transport cases (n Z 11), corticotomy was performed either simultaneously with (n Z 4) or 1 daye2.8 years (median: 23 days) after microvascular flap reconstruction. The tibial bone was unifocally osteotomized above (n Z 10) or beneath the defect (n Z 1). A deep infection was present in two of the 11 patients when the transport process began.
Five of the 16 patients underwent tibia bone lengthening. The timing of corticotomy from the soft-tissue reconstruction in this group ranged between 67 days and 5.6 years (median: 2.1 years). One additional patient underwent lengthening for limb length discrepancy after completion of bone transport. In five of the six cases, the bone was osteotomized proximal to the defect.
The osteotomized bone ends were stabilized by external fixation with an Orthofix (Orthofix SRL, Verona, Italy; n Z 10), Fixel (AMP INC, Seattle, WA, USA; n Z 3), AO (DePuy Synthes, West Palm Beach, FL, USA; n Z 2), or an Ilizarov device (Smith & Nephew Orthopedics, Memphis, TN, USA; n Z 1).
Clinical follow-up
The mean follow-up time was 6.6 years (SD: 6.5). Complications were encountered in 13 of the 16 patients (Table 2) . Postoperatively, one patient had temporary peroneal palsy. Overall, 14 of the 16 patients underwent reoperations ( Table 3 ). The mean time of external fixation was 178 days (SD: 99), thus resulting in 54 days/cm fixation index.
In the bone transport group, the mean time to full weight bearing and complete radiological bone union from the beginning of transport was 14.3 (SD: 12.7) and 16.0 (SD: 22.1) months, respectively. These data were unavailable for one patient. In this group, the median amount of new bone was 4 cm (range: 2.0e12.0 cm). In the bone lengthening group (6/16), full weight bearing and radiological bone union was achieved in a median of 10.8 (SD: 16.6) and 32.2 (SD: 18.0) months, respectively. The median amount of new bone gained was 3.2 cm (range: 2.0e4.0 cm).
Two patients experienced severe pain in the reconstructed limb requiring long-term analgesia with opioids. One patient had a permanent antecurvatum of 10 and tibial varus of 5 . In the remaining patients, there were no rotational deformities and axial malalignment was <5
. The overall mean tibial length discrepancy after treatment was 2.0 cm (SD: 1.1). In addition, ipsilateral femoral shortening of 2 and 3 cm was observed in two patients, respectively.
One patient in the lengthening group and seven of the 11 patients in the transport groups required special insoles. Furthermore, five of the 16 patients had clinically impaired ankle motion (dorsiflexion). One patient had limited knee joint mobility. However, all the patients were able to ambulate independently.
The working status was available for 13 of the 16 patients. Twelve of the 13 patients returned to work. However, four patients had to shift to lighter work. The youngest patient in the study finished school and chose an occupation requiring physical activity.
Long-term measurement outcomes
Two patients were excluded from the mailing list due to unknown addresses. The response rate was 11/14. The mean time from soft-tissue reconstruction to questionnaire follow-up was 22.5 years (SD: 2.4).
The mean DASH score, measuring the donor-site function, was 8.9 (SD: 6.7). The most frequent limitations were associated with heavy household chores and recreational activities during which force or impact is applied through the arm.
Concerning the reconstructed site, the LEFS revealed a mean overall score of 59 points (SD: 8.6) in the bone transport group, whereas the lengthening group received a mean of 62 points (SD: 5.3). The mobility of patients was most limited when running on uneven ground or hopping.
The 15D instrument revealed that the mean HRQoL score of patients was 0.907 and that of the age-standardized sample of the general population 0.931 ( Figure 7) . The difference is clinically important but not statistically significant. The patients were statistically significantly worse off on the dimensions of "moving" (p < 0.01), "usual activities" (p < 0.01), and "discomfort and symptoms" (p < 0.001; Figure 7) .
The mean FIT index was 36 (SD: 22). All patients were physically active with seven of the 11 patients cycling, swimming, or performing gym exercises, and four of the 11 patients making walking rounds. Finally, the questionnaire designed for the study revealed that one patient required mild analgesics.
Discussion
Only a few articles have assessed the long-term outcomes of extensive compound tibial defects treated with combined free LD flap coverage and Ilizarov distraction osteogenesis. The present study assessed the long-term outcomes of this combined method with a retrospective review of patient records and a cross-sectional evaluation with patient-reported outcome measures. The outcomes of this study confirmed that the combined method of free LD flap reconstruction and Ilizarov bone transport or bone lengthening does not compromise the free muscle flap. Furthermore, fair long-term functional outcomes of both donor site and reconstructed limb and the relatively good long-term HRQoL outcome support the use of this combined technique in selected patients. In reconstruction of compound tibial defects, local or pedicled flap options such as the soleus or gastrocnemius are used. 5 However, in extensive soft-tissue loss, local flaps are frequently unavailable because of damage or loss of local muscle units. In selected cases, microvascular transfers including the fasciocutaneous ALT, 24 or serratus, 6 and LD flaps 25 are indicated. In the authors' institution, the LD flap was largely used because of its relatively large and long vessels and significant amount of muscle bulk.
It has been claimed that after raising the LD flap, the function of the shoulder increases with time. 26 In a study conducted by Koh and Morris 27 on a series of 18 patients, a mean of 18/100 DASH points after a follow-up time of 1.5 years was reported and overall 6/18 scored !30 points. Furthermore, Giardano et al. 28 showed that limitations of the shoulder motion and weakness might appear with time. A recent systematic review concluded that shoulder movement is restored to close to its natural range in the long term. 29 The present study revealed a mean DASH score of 8.9 points (very good function). Moreover, none scored >19 points. The long-term functional results of the microvascular LD donor site are encouraging in the present patients.
Conventionally, cancellous bone grafting has been described for bone defects <5 cm. 30 However, in larger defects and in cases of prolonged sequelae of deep infection or pseudoarthrosis, more demanding methods of bone transfers, such as microvascular fibula and iliac crest flaps, are indicated. 4 The fibula is the workhorse of lower limb long bone microvascular reconstruction. When it is raised as an osteocutaneous flap, it can be used to reconstruct infected compound tibial defects of size 10 Â 20 cm. 25 The microvascular iliac crest transfer provides a significant amount of bone bulk. However, the use of fibula has disadvantages. Even when raised with a skin island, the quantity of soft-tissue is relatively small and the risk of refracture is high. 4, 25 In these cases, additional microvascular muscle transfers such as LD are needed. The Masquelet technique of applying a temporary antibiotic cement spacer has proven reliable in the reconstruction of large tibia defects. 31 However, the cement spacer needs to be replaced with a cancellous bone graft in a later operation. Later bone grafting was used in five of the 11 cases of bone transport in the present series.
Recent reports concerning the long-term results of muscle flap reconstruction and tibia distraction for extensive primary defects with absolute bone loss or prolonged sequelae of infection and pseudoarthrosis are encouraging. 2, 3, 32, 33 However, it remains indisputable that the main disadvantage of the Ilizarov technique is the tedious process with external fixation that may take months to perform. Intense pin-track pain appeared in two patients. Furthermore, the distraction stretches the surrounding soft-tissues and nerves of the tibial region, which may lead to chronic pain. In such cases of intense pain and discomfort, prolonged treatment or even sometimes amputation may be indicated.
Previous studies suggest that the there is no risk of failure of free flap anastomoses due to distraction. 11, 34 The present study supports these findings with no anastomotic flap complication during or after the distraction process. The distraction area was chosen in such a way that it avoided direct stretching of the pedicle. Moreover, pin-site infections using the Ilizarov technique occur in 5% of the cases. 35 In the present series, six out of 16 patients had pinsite infection during the distraction. According to its severity, the pin-site infection was treated with local antiseptics, systemic antibiotics, or pin-site revisions. Furthermore, after completion of the bone transport, complications including malunion or secondary limb length discrepancy may require late corrections with opening wedge osteotomy or bone lengthening. Tibia limb length discrepancy may have a negative impact on function and HRQoL. 7 In the selected cases, lengthening using the Ilizarov distraction method after softtissue reconstruction was indicated. In the present series, six patients underwent correction of limb length discrepancy (in one patient following bone transport). The longterm outcomes in the present study support the use of this technique. It is worth correcting even moderate limb length discrepancy in selected cases.
A systematic review and meta-analysis of Ilizarov tibia distraction osteogenesis revealed a 60e100% union and 2.9% secondary amputation rate. 35 In the present series, bony union was achieved in all cases and no secondary amputations were needed. Schep et al. 7 reported a mean LEFS score of 47 and 62 points in three patients who underwent bone transport and four patients with tibia lengthening, respectively. These results are not directly comparable as no soft-tissue reconstruction was performed in their series. However, the functional outcomes compared favorably in the bone transport group, and in the In the HRQoL assessment by Knappinger et al. 33 of a group quite similar to the present study, a high physical and low mental score of SF-36 modules compared to the general population was found at a mean of 3.6 years after trauma. In the present series, the follow-up assessment revealed decreased mobility and higher discomfort and symptoms compared to those of an age-standardized general population. Furthermore, the mental function score was comparable to that in the general population.
To the authors' knowledge, the present series is the largest describing the combined use of microvascular LD flap reconstruction and Ilizarov distraction osteogenesis.
Further strengths of the present study are a comprehensive assessment with validated patient-reported outcome measures, 13, 14, 16 and comparison of HRQoL with that of the general population. Nevertheless, the small study group Figure 6 The clinical aspect 16.5 years after soft-tissue reconstruction. limits the generalizability of the results, and no data from alternative methods were available for comparison of the results.
In conclusion, the combined technique of microvascular LD flap and Ilizarov distraction osteogenesis is reliable for treating traumatic tibial compound defects with extensive soft-tissue and bone loss at a high risk of amputation. It is also useful for prolonged sequelae of infection and pseudoarthrosis and in correcting limb length discrepancy. However, patients should be meticulously selected because of the long distraction process and inconvenience of the external fixation. The procedure's long-term functional ability and HRQoL are relatively good.
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